Objectives Multiple chemical sensitivity (MCS) is a chronic acquired disorder characterized by non-specific symptoms in multiple organ systems associated with exposure to odorous chemicals. We previously observed significant activations in the prefrontal cortex (PFC) during olfactory stimulation using several different odorants in patients with MCS by near-infrared spectroscopy (NIRS) imaging. We also observed that the patients with MCS did not adequately distinguish non-odorant in the late stage of the repeated olfactory stimulation test. The sensory recovery of the olfactory system in the patients with MCS may process odors differently from healthy subjects after olfactory stimulation. Methods We examined the recovery process of regional cerebral blood flow (rCBF) after olfactory stimulation in patients with MCS. NIRS imaging was performed in 6 patients with MCS and in 6 controls. The olfactory stimulation test was continuously repeated 10 times. The study also included a subjective assessment of the physical and psychological status and of the perception of irritating and hedonic odors. 
Introduction
Multiple chemical sensitivity (MCS) is a chronic acquired disorder characterized by non-specific and recurrent multisystem symptoms associated with exposure to common odorous chemicals such as organic solvents, pesticides, cleaning products, perfumes, environmental tobacco smoke, or combustion products [1] [2] [3] . According to population-based surveys, the prevalence of MCS is estimated to range from 8 to 33 % [4] [5] [6] [7] [8] [9] . Thus, MCS has become a large public health concern during the past two decades, particularly in industrialized countries. The symptoms of MCS can be mild to disabling, and they are triggered by multiple chemicals. These symptoms are reactions to previous chemical exposure that recur on subsequent exposure to the same or structurally unrelated chemicals at levels below those established as having harmful effects in the general population [2] . Central nervous system (CNS) symptoms such as headaches, dizziness, extreme fatigue, and concentration difficulties are common; airway and gastro-intestinal tract symptoms are also frequently reported [2, [10] [11] [12] . Diagnosis of MCS can be difficult because of the inability to assess the causal relation between exposure and symptoms [3, 13] . No standardized objective measures to identify MCS and no precise definition of this disorder have been established. Most definitions of MCS are qualitative, relying on subjective reports from patients and clinicians of distressing symptoms and environmental exposure [14] .
We previously conducted a near-infrared spectroscopy (NIRS) activation study on olfactory stimulation in patients with MCS [14] . Activation was defined as a significant increase in the regional cerebral blood flow (rCBF) following odorant stimulation. Changes in the blood flow and oxygenation to the brain are closely linked to neural activity [15] . NIRS has been commonly applied in studies of prefrontal activity [16, 17] and is suitable for detecting oxygenation changes in higher cortical regions. Our previous study identified acute activation in the prefrontal cortex (PFC) during olfactory stimulation with several different odorants in patients with MCS [14] . The prefrontal area connects to the anterior cingulate cortex (ACC), an area of odorant-related activation in patients with MCS [18] . The results of challenge tests by exposure to odorous chemicals indicated a neuro-cognitive impairment in patients with MCS, and using single photon-emission computed tomography, brain dysfunction was found particularly in odor-processing areas, thereby suggesting a neurogenic origin of MCS [19] . One possibility is that patients with MCS may have an enhanced top-down regulation of odor response via the cingulate cortex. These findings also suggest that prefrontal information processing associated with the odor-processing neuronal circuits and memory from a past experience of chemical exposure may play significant roles in the pathology of this disorder.
Our previous study also showed that the patients with MCS adequately distinguished non-odorant in 10 odor repetitions during the early stage but not in the late stage of the olfactory stimulation test when the olfactory stimulation test was continuously repeated 10 times. Repeated or prolonged exposure to an odorant typically leads to a stimulus-specific decrease in olfactory sensitivity to that odorant, but sensitivity recovers over time in the absence of further exposure [20] . Thus, we postulate that prefrontal information processing in patients with MCS is activated by an emotional response to a repeated olfactory stimulation in the late stage of the test, and that the processing system in the PFC cannot respond adequately. Further, the sensory recovery of the olfactory system in patients with MCS may process odors differently from healthy subjects after olfactory stimulation. Although recovery is generally evident after short olfactory stimulation on the several tens of second time scale [21, 22] , the recovery process of patients with MCS may differ from that of healthy subjects. In this study, we examined the recovery process after short olfactory stimulation in patients with MCS, using NIRS imaging.
Methods

Patients
Patients with MCS were diagnosed in the outpatient department for people with chemical sensitivities in the Hyakumanben Clinic (Outpatient Department of Sick House Syndrome) between October 2009 and January 2013. The same case definitions for MCS (inclusion and exclusion criteria), as in our previous study [14] , were applied in this study. MCS was diagnosed according to the 1999 consensus criteria [23] . Patients diagnosed with chronic fatigue syndrome, fibromyalgia syndrome, or mental health disorders were excluded from the study. Patients who had hyperpiesia, hyperlipidemia, diabetes, and/or allergic rhinitis were also excluded. Recruitment for this study was conducted 3 months prior to the olfactory stimulation test using NIRS. The MCS condition of all patients was confirmed by the clinic physician during recruitment. Controls were recruited and selected to match the patients by age and sex at the group level. The same inclusion and exclusion criteria were applied for all patients and controls as those in our previous study [14] . Inclusion was based on the scores of the Quick Environmental Exposure and Sensitivity Inventory (QEESI), whereas exclusion criteria included abnormal hematological examinations, smoking, drug or alcohol abuse, medications, pregnancy, and severe nasal stuffiness.
This study was approved by the ethical committee for human research at the Hyakumanben Clinic (99642-61) and the Louis Pasteur Centre for Medical Research (LPC.11) and was performed according to the guidelines of the Declaration of Helsinki (1975) . All patients provided written informed consent and received the equivalent of 5000 JPY for their participation. This study was conducted from November 2012 to March 2013.
Olfactory stimulation
The same card-type olfactory identification test kit (Open Essence; Wako Pure Chemical Industries, Ltd., Osaka, Japan) and odorants [mandarin orange (MO), Japanese cypress (JC), menthol (Mt), and perfume (Pf)] as those in our previous study were used for the olfactory stimulation test [14] . Perception of these odors was tested by placing the card at approximately 30 mm from the noses of both patients with MCS and controls.
Experimental procedure
In the present study, we followed the same experimental procedure as that in our previous study [14] and added a recovery period after the olfactory stimuli. Interviews were conducted immediately before the olfactory stimulation test and the assessments of health and nasal symptoms. The test room was maintained at a temperature of approximately 23°C. Patients sat in a comfortable chair and remained in the test room long enough to feel comfortable before being exposed to the odorants. During the experiments, the patients closed their eyes and slowly repeated the Japanese alphabet in an undertone to establish a stable rCBF prior to the olfactory stimulation. They stopped repeating the Japanese alphabet and closed their eyes during the olfactory stimulation, which lasted for 10 s. Olfactory stimulation was performed after a 30-s pre-rest period to establish the baseline level (Fig. 1) .
The questionnaire on irritating and hedonic scales was completed immediately after a 30-s rest period (post-rest) to allow recovery after the olfactory stimulation. The response time for the questionnaire was secured for 30 s. After that, the same process was repeated for an additional 9 olfactory stimuli. Irritation was evaluated on a visual analogue scale, with responses ranging from ''not at all'' to ''strong''. Hedonic responses were rated on a 5-point Likert scale ranging from pleasant (1) to unpleasant (5) .
Olfactory stimuli were applied in the following order: MO, Pf, non-odorant (NO), JC, Mt, Pf, JC, NO, Mt, and MO. The order of the first block was as follows: MO (1), Pf (2), NO (3), JC (4), and Mt (5). The order of the second block was permuted from the first block as follows: Pf (6), JC (7), NO (8), Mt (9), and MO (10). The 100-s cycles were repeated 10 times in a row. Thus, the order of 10 repetitions (1-10) was as follows: MO (1), Pf (2), NO (3), JC (4), Mt (5), Pf (6), JC (7), NO (8), Mt (9), and MO (10).
NIRS data acquisition
NIRS works on the principle that near-infrared light is absorbed by oxygenated (oxyHb) and deoxygenated (deoxyHb) hemoglobin (Hb) but not by other tissues. Changes in oxyHb concentration in the PFC were measured using the functional NIRS topography system OMM-3000 Optical Multi-channel Monitor (Shimadzu Corporation, Kyoto, Japan). These changes reflect neuronal activity as their levels correlate with evoked changes in rCBF [15, 24, 25] . When neurons become active, local blood flow to the relevant brain regions increases and oxygenated blood displaces deoxygenated blood. Measurement of oxyHb concentrations is most useful because changes in oxyHb are the most sensitive indicators of changes in rCBF among the three NIRS parameters (oxyHb, deoxyHb, and totalHb) [26, 27] . Pairs of illuminators and detectors were set 3 cm apart in a 3 9 9 lattice pattern to form 42 channels through a holder set in the PFC. Changes in the oxyHb concentration were recorded every 130 ms using the NIRS Fig. 1 Experimental protocol. First, the subjects had a 30-s pre-rest. Then, the subjects were given an olfactory stimulus for 10 s, followed by a 30-s post-rest and 30-s self-reporting to a questionnaire on irritating and hedonic scales, respectively. The 100-s cycles per odorant were repeated 10 times in a row Environ Health Prev Med (2015) 20:185-194 187 system. Optical data were analyzed on the basis of the modified Beer-Lambert Law and signals reflecting the oxyHb concentration changes in an arbitrary unit were calculated (millimolar-millimeter) [14] .
Questionnaire on physical and psychological status
Patients completed a self-report questionnaire for the assessment of physical and psychological parameters, which included the Chemical Sensitivity Scale for Sensory Hyper-reactivity (CSS-SHR) [28] , the Somato-Sensory Amplification Scale (SSAS) [29] , the Autonomic Perception Questionnaire (APQ) [30] , the Tellegen Absorption Scale (TAS) [31] , the Marlowe-Crowne Social Desirability Scale [32] , the Taylor Manifest Anxiety Scale (TMAS) [33] , the Negative Affectivity Scale (NAS) [34] , and the Toronto Alexithymia Scale (TAS-20) that evaluates the total score and the scores of the three subscales, which assess difficulties in identifying feelings (DIF), difficulties in describing feelings (DDF), and externally-oriented thinking (EOT) [35] .
Statistical analyses
To assess the recovery status after the olfactory stimulation, the oxyHb concentrations between the 30-s rest period after the olfactory stimulation and the baseline during the pre-rest period were compared in each channel. Because raw data of NIRS provided only relative values and could not be averaged directly across patients or compared among channels, raw data from each channel were converted into z-scores [14, [36] [37] [38] . In the present study, we used the same statistical analyses as that in our previous study [14] . The t test was used to compare the brain activity obtained from NIRS imaging for each channel between cases and controls. The non-parametric Mann-Whitney U test was used to analyze the results of the olfactory stimulation questionnaire and to quantify the differences between patients with MCS and controls. The t test was applied to analyze the results of the physical and psychological scales to determine differences between patients with MCS and controls at baseline. All data analyses were performed using the SPSS statistics software, version 22.
Results
Participants
Participants included 10 patients with MCS (age, 28-64 years; mean, 51.0 ± 10.6 years; all females) and six controls (age, 36-58 years; mean, 45.7 ± 8.3 years; all females). Three patients with MCS did not fulfill the inclusion criteria of QEESI. The fourth patient with MCS had severe allergenic reactions to allergens of cedar pollen, mites, cats, dogs, and fungi, and showed a high value of immunoglobulin E type on hematological examinations. The remaining six non-smoking patients with MCS (age, 49-64 years; mean, 54.5 ± 5.9 years; all females) and six non-smoking controls (age, 36-58 years; mean, 45.7 ± 8.3 years; all females) passed all criteria and were included in the analyses. All six patients with MCS had participated in our previous study [14] . Of the six controls, two controls had participated in our previous study [14] and the remaining four controls were participating for the first time in the present study. All patients with MCS tried to avoid the exposure to odorous chemicals as much as possible. These patients were homemakers or pensioners and their occupational histories showed that previous occupations included a clerical employee (office or retail store), a fabric tinter, and a supermarket baker. Two controls also tried to avoid exposure to odorous chemicals as much as possible. Their occupations were teacher. Four controls did not consciously try to avoid exposure to odorous chemicals, and their occupations were as follows: teacher, office worker, child welfare volunteer, and the fourth was a homemaker whose previous occupation was in sales for a general insurance company.
NIRS imaging and subjective evaluation of odors
Time-course of average z-scores of all channels for oxyHb in the patients with MCS group and controls during prerest, stimulus, and post-rest are shown in Fig. 2 . Results of the t test in terms of the average of all channels (1-42) comparing z-scores for oxyHb concentrations between patients with MCS and controls are shown in Table 1 . The first olfactory stimulation with MO (1) lead to increased rCBF levels in the PFC, which was not significantly different between patients with MCS and controls. Increases in rCBF levels in patients with MCS were suppressed after exposure to the non-odorant tests NO (3) and NO (8) on the third repetition. There was no difference between patients with MCS and controls in the PFC responses. Significant differences in the PFC responses were observed between patients with MCS and controls after Pf (2), JC (4), Mt (5), Pf (6), Mt (9), and MO (10) olfactory stimuli. The increases in the PFC response after the olfactory stimulation were significant in patients with MCS. No significant difference was observed in the JC (7) test, but as shown in Fig. 2 , MCS patients had increases in rCBF levels during 10 s after the stimulus, which were not observed in the control group. Table 2 shows the correlation coefficient between rCBF after the first and second exposure to the same odor in terms of z-scores for all channels . Comparing the rCBF between the first and second exposures revealed significant correlations in both patients with MCS and controls for all stimuli, with the exception of MO and NO in patients with MCS. The correlation coefficients of patients with MCS were lower overall than those of controls. As in our previous study [14] , the variation within the MCS group was larger than in the control group. In the subjective evaluation, both patients with MCS and controls responded ''not at all'' on the irritation scale and ''undecided'' on the hedonic scale for NO (Fig. 3) . The results of the hedonic scale indicated that scores of most patients with MCS were significantly higher than those of controls. The results of the irritation scale indicated that the Pf (2) and MO (10) scores of patients with MCS were significantly higher than those of controls. Scores for MO, Pf, JC, and Mt were also higher in the patients with MCS than in controls, but the differences were not statistically significant. Large ranges of scores in patients with MCS and controls were assumed to be causally related to the results. Figure 4 provides the topographical maps of average zscores for oxyHb in patients with MCS and controls. Figure 5 shows the average t values for each channel comparing the z-scores for oxyHb between patients with MCS and controls. Even after olfactory stimuli, significant activations were observed in the PFC of patients with MCS on both right and left sides (distinct from the center of the PFC) compared with controls. Activation was defined as a significant increase in rCBF due to olfactory stimulation. The activations were especially strong in the lateral orbitofrontal cortex (OFC), on both the right and left sides of the OFC in the PFC (Fig. 4) . These remaining activations after the olfactory stimuli were stronger in the test for Pf (2) on the second repetition, for JC (4) on the fourth repetition, for Mt (5) on the fifth repetition, and for Pf (6) on the sixth repetition. After the test for Pf (6), the regional differences of the activation area between patients with MCS and controls were decreased. Our previous study suggested that the olfactory system in patients with MCS could not adequately process odors in the late stage of the [14] . The results of the present study support this hypothesis.
Physical and psychological measurements Table 3 shows the results of the t test for the physical and psychological scales. CSS-SHR scores were significantly higher of patients with MCS than of controls (p \ 0.001). Thus, chemical sensitivity in patients with MCS was demonstrated not only by the results of QEESI but also by those of the CSS-SHR scale. In the psychological evaluations, the APQ (p \ 0.1) and TAS-20 DIF (p \ 0.1) scores showed a higher tendency only for patients with MCS compared with controls, probably because of the small sample size, but these differences were significant in our previous study [14] . No significant differences were observed in the SSAS, TAS, MCSD, TMAS, TAS-20 total, TAS-20 DDF, and TAS-20 EOT scores, similar to our previous study [14] .
Discussion
As shown in Fig. 2 , strong activation was observed during olfactory stimulation with several different odorants in patients with MCS compared with controls. All patients with MCS participating in this study had participated in our previous study [14] . Although the previous study had been conducted 1-2 years before this study, similar responses were observed in both.
The first olfactory stimulation with MO (1) lead to increased rCBF levels in the PFC, which was not significantly different between patients with MCS and controls. Because MO (1) was the first test, the patients may not have had the chance to get used to the olfactory stimuli and the response may have been caused by affective tension. After the first test, rCBF levels in controls remained almost stable until the end of the test involving MO (10). Thus, we did not superimpose the data of first and second block but showed all the data as the results.
In the subjective measurement by irritating and hedonic scales and physical and psychological measurements, the overall results were similar to our previous study [14] and were reproducible. In the present study, even after olfactory stimulation, significant activations were observed in the PFC of patients with MCS than in that of controls. The activations were especially strong on both right and left sides of OFC in the PFC. Further, the activations in both patients with MCS and controls were suppressed after the olfactory stimulation involving NO, and the differences were not significant. These results indicate that the olfactory system in patients with MCS adequately distinguishes the non-odorant. Comparing the rCBF between the first and second exposures revealed significant correlations in both patients with MCS and controls for all stimuli, with the exception of MO and NO in patients with MCS. The lack of correlation in the MO and NO test in patients with MCS may be due to the small sample size.
An odorant-related increase in activation in the ACC has been observed in patients with MCS [18] . The ACC is involved in adequate control of top-down or bottom-up modulation of stimuli and is connected to the PFC. Past exposures to hazardous chemicals are stored as memories in the PFC through olfactory nerve circuits, causing various physical or psychological responses such as emotional, visceral, or autonomic responses during the processing of top-down stimuli when exposed to odorants later in life [14] . In the present study, we found that recovery from activation in the PFC after an olfactory stimulation is delayed in patients with MCS compared with controls. These findings support the current understanding of the pathology of this disorder: compared to healthy subjects, patients with MCS strongly respond to odorants that they encounter in daily life, the repeated daily exposure to the odorants keeps Environ Health Prev Med (2015) 20:185-194 191 them in a reactive state. Due to their physical and psychological intolerance to odorants, the patients try to avoid exposure to the odorants. In this study, 4 patients with MCS had episodes of initial exposure to chemicals that triggered the first symptoms. These included organic solvents or incense at the workplace, exhaust gas from diesel machines in the neighborhood, odors from pesticides, or fragrance from a neighbor. Two patients had episodes of repeated exposure to solvents emitted from a neighboring industrial plant or a neighboring paint store, respectively. Patients with MCS complained about a chemical-sensitive condition thereafter. The psychological evaluations in our study support the theory of a strong response in patients with MCS.
In the recovery stage after the stimulation, the activation was especially strong in the OFC. The olfactory neuroanatomy is intertwined, via extensive reciprocal axonal connections, with primary emotion areas including the amygdala, hippocampus, and OFC [39, 40] . Olfactory stimulation directly activates amygdala neurons, innervating a region in the OFC. The olfactory sense has a unique intimacy with the emotion system, and the perception of smell is known to be dominated by emotion [41] . Strong activation in the OFC might remain as potent affective experiences following olfactory stimuli in patients with MCS compared with controls. In this study, lateral orbitofrontal regions were specifically activated in the patients with MCS. The valence of odors is represented in particular in the OFC [42] . Nearly all odors were evaluated as unpleasant by the MCS patients in the subjective evaluation after the stimulation. Pleasant odors preferentially activate medial orbitofrontal regions, whereas unpleasant odors activate more lateral regions [43] [44] [45] [46] . The strong activations of the lateral OFC in the patients with Both the ACC and OFC are implicated in decisionmaking, emotion, and social behavior. Recent evidence suggests that the ACC and OFC make distinct contributions to each of these aspects of decision-making [47] . The OFC is involved in the cognitive processing of stimuli and the representation of preferences. The ACC may mediate the relationship between a past experience and the choice of the next action. Thus, our results suggest that a past strong exposure to hazardous chemicals activates the ACC (and the connected PFC) during olfactory stimuli in the patients with MCS, and a strong activation in the OFC remains after the stimuli. In particular, the lateral OFC is specifically activated when the odor is unpleasant for the patients with MCS. However, the OFC and ACC are anatomically interconnected, and their interaction stimulates decisionmaking. Their individual function independent of each other remains unclear. Further research is required to understand the recovery process in MCS and the pathology of this disorder.
The present study has some limitations. First, the very small sample size makes the results vulnerable to selection bias. This could be alleviated by including a larger study population. However, despite the small sample size of this study, differences between the patients with MCS and the controls in the NIRS imaging were evident. The results indicate that the evaluation combining NIRS imaging with olfactory stimulation tests is a valuable method for the objective evaluation of MCS. Second, to the best of our knowledge, this is the first case-control study evaluating changes in rCBF in the PFC using NIRS imaging after olfactory stimulation in patients with MCS. Further longtime evaluation after olfactory stimulation would provide valuable information for understanding the pathology of MCS. A third limitation of this study is the lack of standardized objective measures to identify and define MCS. Therefore, most definitions of MCS are entirely qualitative, relying on subjective reports of distressing symptoms and environmental exposure from patients and clinicians. Several individuals with self-reported MCS symptoms were excluded, at the discretion of the clinic physician, because of mental disorders or allergic symptoms.
In conclusion, despite the small sample size, this experimental study detected an activation that remained even after olfactory stimulation, specifically in the PFC of patients with MCS. We propose that recovery from such activation is delayed in patients with MCS and that their chemical-sensitive state remains due to the repeated daily exposure, leading them eventually to develop intolerance to these odorants. Our study demonstrates that NIRS imaging objectively reflects the status of patients with MCS. 
